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Ribosome biosynthesis is a major intracellular en-
ergy-consuming process. We previously identified a
nucleolar factor, nucleomethylin (NML), which regu-
lates intracellular energy consumption by limiting
rRNA transcription. Here, we show that, in livers of
obese mice, the recruitment of NML to rRNA gene
loci is increased to repress rRNA transcription. To
clarify the relationship between obesity and rRNA
transcription, we generated NML-null (NML-KO)
mice. NML-KO mice show elevated rRNA level,
reduced ATP concentration, and reduced lipid
accumulation in the liver. Furthermore, in high-fat-
diet (HFD)-fed NML-KO mice, hepatic rRNA levels
are not decreased. Both weight gain and fat accumu-
lation in HFD-fed NML-KO mice are significantly
lower than those in HFD-fed wild-type mice. These
findings indicate that rRNA transcriptional activation
promotes hepatic energy consumption, which alters
hepatic lipidmetabolism. Namely, hepatic rRNA tran-
scriptional repression by HFD feeding is essential for
energy storage.
INTRODUCTION
Energy homeostasis requires the coordinated regulation of
energy intake, storage, and expenditure. ATP, which is produced
as an energy source, is consumed by most anabolic reactions
(e.g., protein synthesis and fat synthesis), active transport of
molecules and ions, nerve impulses, and muscle contraction.
Ribosome biosynthesis in the nucleolus among them is the
most energy-consuming process within proliferating eukaryotic
cells, and it adapts to changes in the intracellular energy status
(Grummt and Grummt, 1976; Moss et al., 2007). Mammalian
cells quickly adjust the rate of ribosome synthesis on the basisof the availability of nutrients and growth-promoting mitogens.
In addition, cells that exit the division cycle into a quiescent state
greatly limit the ribosome production and overall protein syn-
thesis. Ribosome biogenesis involves rRNA transcription, rRNA
processing, and the assembly of maturated rRNA and ribosomal
proteins. The rate-limiting step of ribosome biosynthesis is rRNA
transcription in the nucleolus. Therefore, the control of rRNA
transcription in the nucleolus is thought to regulate intracellular
energy consumption.
rRNA genes are present in multiple copies (approximately 400
rRNA genes permammalian cell). However, all of the rRNA genes
in the human diploid genome are not transcriptionally active.
rRNA synthesis is modulated by varying the transcription rate
per gene or by varying the number of actively transcribed rRNA
genes (Grummt, 2010; Grummt and Pikaard, 2003). The basal
transcription factors, transcription initiation factor IA (TIF-IA),
selectivity factor 1 (SL1), and upstream binding factor (UBF)
are essential for transcription by RNA polymerase I (Pol I) and
appear to be modulated by different signaling pathways in
response to changes in environmental conditions. For example,
the extracellular signal-regulated kinase, mammalian target of
rapamycin, and c-Jun N-terminal kinase pathways regulate Pol
I transcription via the activities of UBF, SL1, and TIF-IA (Grummt,
2010). In addition, recent findings point toward the existence of
additional regulatory pathways such as epigenetic regulation of
rRNA transcription. Santoro et al. (2002) revealed that the
chromatin-remodeling complex nucleolar chromatin-remodeling
complex (NoRC), which consists of the transcription-termina-
tion-factor-1-interacting protein 5 and the ATPase sucrose non-
fermenting protein 2 homolog, recruits histone deacetylases,
histone methyltransferases, and DNA methyltransferases to
inactive rRNA gene repeats (Mayer et al., 2006; Santoro et al.,
2002). Furthermore, lysine-specific demethylase 2A (KDM2A),
KDM2B, KDM4C, and PHF8 are members of the JmjC family
of demethylases that have been epigenetically implicated in
rRNA transcription. KDM2A and KDM2B repress rRNA transcrip-
tion (Frescas et al., 2007; Tanaka et al., 2010). In contrast,
KDM4C and PHF8 activate rRNA transcription (Feng et al.,Cell Reports 7, 807–820, May 8, 2014 ª2014 The Authors 807
Figure 1. Hepatic Pre-rRNA Transcription Is Repressed in Obese Mice Fed on High-Fat Diet
(A) Body weight of WT (C57BL6) fed on normal chow diet (NC), high-fat diet 1 (HFD1) for 8 weeks, and HFD2 for 24 weeks.
(B) Pre-rRNA levels in livers of WT mice fed on NC, HFD1 for 8 weeks, and HFD2 for 24 weeks by quantitative RT-PCR (qRT-PCR). Pre-rRNA levels were
normalized to cyclophilin.
(C) Body weight of WT and obesity model mice (ob/ob mice) fed on NC at the age of 24 weeks.
(D) Pre-rRNA levels in livers of WT and ob/ob mice fed on NC at the age of 24 weeks by qRT-PCR. Pre-rRNA levels were normalized to cyclophilin.
(legend continued on next page)
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2010; Liu et al., 2010). However, the biological role of these
factors in the regulation of rRNA transcription is not completely
understood.
Previously, we identified the nucleolar protein nucleomethylin
(NML) that binds to histone H3 dimethylated at Lys9 (H3K9me2)
and recruits sirtuin1 (SIRT1) and the suppressor of variegation 3-
9 homolog 1 (Suv39h1) to the rRNA gene loci, thereby establish-
ing the structural characteristics of silent chromatin (Grummt and
Ladurner, 2008; Murayama et al., 2008). This NML/SIRT1/
Suv39h1 complex, designated as energy-dependent nucleolar
silencing complex (eNoSC), regulates energy balance in prolifer-
ative cells by epigenetically limiting rRNA transcription. NML
binds to H3K9me2 throughout the rRNA gene transcription
unit. A change in the NAD+/NADH ratio induced by a reduction
in the intracellular energy status may promote the activity of
SIRT1, leading to the deacetylation of histone H3 and dimethyla-
tion at Lys9 of histone H3 by Suv39h1, thus establishing silent
chromatin. Thus, eNoSC links the cellular energy balance to
the epigenetic silencing of rRNA genes, thereby protecting cells
from energy starvation-dependent apoptosis (Grummt and
Ladurner, 2008; Murayama et al., 2008). Subsequently, we
reported that, in response to glucose starvation, eNoSC sup-
presses rRNA transcription, which results in a reduction in the
nucleolar RNA content. The reduced nucleolar RNA content
induces cell-cycle arrest and apoptosis due to p53 activation.
These findings indicate that eNoSC may act as a sensor in the
nucleolus that connects the intracellular energy status with the
cell-cycle machinery (Kumazawa et al., 2011; Kuroda et al.,
2011). Furthermore, NML regulates hepatic ATP levels during
liver regeneration after partial hepatectomy (Mikogai et al.,
2009). However, whether eNoSC in the nucleolus is linked to
whole-body energy metabolism remains unknown. In addition,
whether rRNA transcription levels in vivo are linked to energy
metabolism remains unknown.
In this study, we found that high-fat-diet (HFD) feeding
induced the repression of rRNA transcription in livers. To clarify
the relationship between hepatic rRNA transcriptional repression
and obesity, we generated NML-null (NML-KO) mice. We found
that NML deficiency increased the pre-rRNA level and the AMP/
ATP ratio in the liver and subsequently induced the activation of
AMP-activated protein kinase (AMPK). Furthermore, NML
deficiency increased fatty acid oxidation (FAO) activity and
decreased lipid synthesis activity in the liver. We found that the
NML-KO mice had an increased O2 consumption compared
with the wild-type (WT) mice. The NML-KO mice were leaner
than the WT mice. Furthermore, in the NML-KO mice after HFD
feeding, hepatic pre-rRNA levels remained higher than that in
the WT mice. And the NML-KO mice were resistant to HFD-
induced obesity. Finally, using liver-specific NML-KO (liver-
NML-KO) mice, we confirmed that hepatic NML deficiency(E) The structure of themouse rRNA gene. Chromatin immunoprecipitation (ChIP)
pairs that recognize sequences within the over the promoter regions (M0) and th
(F–I) ChIP assay inWT livers fed on either NC or HFD1 for 8weeks using normal imm
antibody (G), anti-NML antibody (H), and anti-SIRT1 antibody (I). Amounts of H3K
H3, and amounts of NML and SIRT1 are expressed relatively to the signal obtain
(J) Expression levels of NML and SIRT1 in WT livers fed on either NC or HFD1 fo
All values are presented as mean ± SEM. n = 3–8; *p < 0.05. See also Figure S1caused the resistance to HFD-induced obesity. These results
suggest that the repression of hepatic rRNA transcription
induced by HFD is important for fat accumulation and energy
storage.
RESULTS
Hepatic rRNA Transcription Is Repressed in Livers of
Obese Mice
Ribosome biosynthesis is a major intracellular energy-
consuming process. However, the relationship between ribo-
some biosynthesis and whole-body energy metabolism remains
unknown. First, we evaluated hepatic pre-rRNA levels in WT
mice (C57BL6) fed two different HFDs because the liver plays
a major role in metabolism. Hepatic pre-rRNA levels decreased
in the HFD-fed obese mice compared with the normal chow
diet (NC)-fed mice (Figures 1A, 1B, and S1A). To examine the
relationship between obesity and hepatic rRNA transcription,
we analyzed hepatic pre-rRNA levels using obese model mice
(ob/ob mice). The hepatic pre-rRNA levels in the ob/ob mice
were also lower than those in the WT mice (Figures 1C and
1D). Next, to investigate the mechanism of repression of hepatic
rRNA transcription in obese mice, we compared the epigenetic
status of rRNA gene loci in the livers of NC- and HFD-fed mice
using a chromatin immunoprecipitation (ChIP) assay. As shown
in Figures 1F and 1G, HFD-induced obesity increased the dime-
thylation level of histone H3K9 and decreased the acetylation
level of histone H3 on the rRNA gene loci in the liver. Further-
more, we examined the recruitment of NML and SIRT1 to the
rRNA gene loci in the liver using the ChIP assay to investigate
whether NML or SIRT1 induce repression of rRNA transcription
in the livers of HFD-fed mice. The recruitment of NML and
SIRT1 to the rRNA gene loci was promoted in the livers of
HFD-fed mice (Figures 1H and 1I). However, NML and SIRT1
expression levels were not different between the livers of NC-
and HFD-fed mice (Figures 1J, S1B, and S1C). Taken together,
these results suggest that HFD feeding repressed rRNA tran-
scription in the mouse liver by recruiting NML and SIRT1 in an
epigenetic manner.
NML Regulates rRNA Transcription in the Liver
Next, to clarify the relationship between repression of hepatic
rRNA transcription and HFD-induced obesity, we generated
NML-KO mice using standard homologous recombination tech-
niques (Figures S2A–S2C). Some of the NML-KO mice died
before birth (Figure S2D). Surviving NML-KO mice were fertile
and grew normally (Figures S2E–S2G). Furthermore, we
confirmed that NML deficiency did not affect liver histology or
serum concentrations of ALT, AST, and albumin (Figures S2H
and S2I). Therefore, the surviving NML-KO mice were subjectedassay was performedwith DNA extracted from immunoprecipitates with primer
e downstream of the transcribed region (M9).
unoglobulin G (IgG), anti-H3 antibody, anti-H3K9me2 antibody (F), anti-H3Ace
9me2 and H3Ace are expressed relatively to the signal obtained for ChIP using
ed for ChIP using IgG.
r 8 weeks by immunoblotting.
.
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Figure 2. NML Regulates Pre-rRNA Transcription in the Liver
(A) Pre-rRNA levels in liver, brown adipose tissue (BAT), white adipose tissue (WAT), and skeletal muscle (SM) of WT and NML-KO mice by qRT-PCR. Pre-rRNA
levels were normalized to cyclophilin. n.s., not significant.
(B) Expression levels of NML, SIRT1, and Suv39h1 in liver, BAT, WAT, and SM of WT and NML-KO mice by immunoblotting.
(C–F) ChIP assay inWT andNML-KO livers using normal IgG, anti-H3 antibody, anti-H3K9me2 antibody (C), anti-H3Ace antibody (D), anti-SIRT1 antibody (E), and
anti-Pol I antibody (F). Amounts of H3K9me2 and H3Ace are expressed relatively to the signal obtained for ChIP using H3, and amounts of SIRT1 and Pol I are
expressed relatively to the signal obtained for ChIP using IgG.
(G) The AMP and ATP contents in WT and NML-KO livers by high-performance liquid chromatography (HPLC).
(H) Protein levels of phosphorylated AMPK and total AMPK in WT and NML-KO livers by immunoblotting.
All values are presented as mean ± SEM. n = 3–22; *p < 0.05 and **p < 0.01. n.s., not significant. See also Figure S2.to further analysis. To examine the influence of hepatic NML
deficiency, we evaluated the pre-rRNA expression level in the
WT and NML-KO livers; pre-rRNA levels increased significantly
in the NML-KO livers compared with the WT livers (Figures 2A
and S2J). In contrast, the pre-rRNA level in other tissues did
not change between theWT andNML-KOmice (Figure S2K). Co-
expression of eNoSC (NML, SIRT1, and Suv39h1) was dominant
in the liver (Figures 2B and S2L). These results indicate that
eNoSC mainly functions in the liver. To confirm that NML defi-810 Cell Reports 7, 807–820, May 8, 2014 ª2014 The Authorsciency affects chromatin modification on the rRNA gene loci,
we performed the ChIP assay; the result indicated thatNML defi-
ciency reduced the amount of H3K9me2 associated with the
rRNA gene loci in the liver (Figure 2C). In contrast, NML defi-
ciency increased the amount of H3Ace associated with the
rRNA gene loci in the liver (Figure 2D). Furthermore, NML defi-
ciency reduced the recruitment of SIRT1 to the rRNA gene loci
in the liver (Figure 2E). Consistent with these results, we
confirmed that NML deficiency increased the recruitment of
Figure 3. NML Deficiency in the Liver Affects Lipid-Metabolism-Related Gene Expression
(A) Ingenuity pathway analysis predicts nine different pathways from the analysis of gene-expression profiles of WT and NML-KO livers using Affymetrix mi-
croarray technology.
(B) The expression levels of fatty acid oxidation (FAO)- and mitochondrial-activity-related genes in WT and NML-KO livers by qRT-PCR. Each mRNA level was
normalized to cyclophilin.
(C) The expression of de novo lipid synthesis of fatty-acids-related genes inWT andNML-KO livers by qRT-PCR. EachmRNA level was normalized to cyclophilin.
(D) The expression levels of glycolysis- and gluconeogenesis-related genes in WT and NML-KO livers by qRT-PCR. Each mRNA level was normalized to cy-
clophilin.
All values are presented as mean ± SEM. n = 3–9; *p < 0.05, **p < 0.01, and ***p < 0.001. See also Figure S3.Pol I to the rRNA gene loci in the liver (Figure 2F). These results
demonstrate that NML is involved in the epigenetic regulation
of rRNA transcription in the liver.
Because activation of rRNA transcription affects energy con-
sumption in cultured cells, we hypothesized thatNML deficiency
induces acceleration of energy consumption in the liver. We
measured the quantities of AMP and ATP in the liver using
high-performance liquid chromatography (HPLC). We found
that ATP concentration was lower in the NML-KO livers than in
the WT livers, which resulted in a higher AMP/ATP ratio in the
NML-KO livers (Figure 2G). In contrast, ATP and AMP concentra-
tions in other tissues were not affected by NML deficiency
(Figure S2M). An increase in the AMP/ATP ratio induces phos-
phorylation of and activates AMPK, which is a major cellular en-
ergy sensor and a master regulator of metabolic homeostasis
(Hardie, 2011; Viollet et al., 2009; Zhang et al., 2009). Therefore,
we confirmed that the level of AMPKa phosphorylation at Thr172
(pAMPK) increased in the NML-KO livers compared with the WT
livers (Figure 2H). Furthermore, the phosphorylation level ofacetyl-coenzyme A (CoA) carboxylase (ACC), a direct target of
AMPK activation (Carling et al., 1989), increased in the NML-
KO livers compared with the WT livers (Figure S2N). These
results suggest thatNML deficiency promotes ATP consumption
in the liver.
NML Deficiency Indirectly Resulted in Increased FAO
and Decreased De Novo Lipid Synthesis of Fatty Acids in
the Liver
Next, to examine whether energy starvation caused by the
increase in rRNA transcription affects liver metabolism, we
compared the gene-expression profiles of the WT and NML-
KO livers using Affymetrix microarray technology. Ingenuity
pathway analysis (IPA) identified lipid metabolism as one of the
main pathways affected by NML deficiency (Figure 3A). Sub-
sequently, we examined the expression of lipid-metabolism-
related genes using quantitative RT-PCR (qRT-PCR). As shown
in Figure 3B, the expression of FAO- and mitochondrial-activ-
ity-related genes (PGC1a, UCP2, CPT1, and PPARa) wasCell Reports 7, 807–820, May 8, 2014 ª2014 The Authors 811
significantly higher in the NML-KO livers than in the WT livers. In
contrast, the expression of genes involved in de novo lipid
synthesis of fatty acids (SCD1, FAS, and SREBP1c) was lower
in the NML-KO livers than in the WT livers (Figure 3C). The
expression of genes involved in glycolysis and gluconeogenesis
did not significantly differ between the WT and NML-KO livers
(Figure 3D). These results suggest that NML deficiency affected
hepatic lipid metabolism.
To assess whether NML directly regulates the expression of
these genes, we examined the recruitment of NML to the
promoter of these genes using the ChIP assay. NML was not
recruited to the promoters of these genes (Figure S3A). NML
deficiency did not affect the status of H3K9me2 in these genes
(Figure S3B). In contrast, the promoters of SCD1, FAS, and
SREBP1c genes decreased H3Ace levels (Figure S3C), whereas
the promoters of PGC1a, UCP2, CPT1, and PPARa genes
increased the levels (Figure S3C). Furthermore, to address the
relationship between NML deficiency and lipid metabolism, we
performed whole-genome chromatin immunoprecipitation
sequencing (ChIP-seq) to determine genome-wide NML-binding
targets. We identified 1,185 binding sites (p < 105), the majority
of which were present in intergenic regions or introns of gene loci
(Figure S3D). IPA indicated that the genes overrepresented as
NML-binding targets were not related to lipid metabolism (Fig-
ure S3E). Because candidate peaks mapped to repetitive
regions containing the rRNA gene loci were removed in ChIP-
seq experiments (Rozowsky et al., 2009), we compared NML
binding to the rRNA gene loci with that to some NML-binding
targets identified in ChIP-seq using the ChIP assay. The recruit-
ment of NML to the rRNA gene loci was higher than that to the
NML-bound regions (Figure S3F). Collectively, these findings
demonstrate thatNML deficiency indirectly resulted in increased
FAO and decreased de novo lipid synthesis of fatty acids in the
liver. Because AMPK activation in the liver induces the FAO
and reduces de novo lipid synthesis of fatty acids (Hardie
et al., 2012), lipid metabolism observed during NML deficiency
may be due to AMPK activation.
NML Deficiency Regulates Lipid Metabolism in Primary
Hepatocytes
Next, to further investigate the differences in lipid metabolism in
detail, we isolated primary hepatocytes from WT and NML-KO
mice. The levels of pre-rRNA and protein synthesis increased
significantly in the NML-KO hepatocytes (Figures 4A, 4B, and
S4A). Furthermore, the protein degradation level increased in
the NML-KO hepatocytes (Figure S4B). These processes
involving rRNA synthesis, protein synthesis, and protein degra-
dation consume intracellular ATP (Peth et al., 2013). In addition,
a SAMS peptide assay revealed that AMPK activity was sig-
nificantly higher in the NML-KO hepatocytes than in the WT
hepatocytes (Figure 4C). This result suggests that NML defi-
ciency activated these processes, which resulted in a decrease
in intracellular ATP concentration. Moreover, these results show
that the energy status of the NML-KO hepatocytes is similar to
that of the NML-KO livers.
To further determine whether hepatic NML deficiency affects
lipid metabolic activity, we measured hepatic FAO in primary
hepatocytes from the WT and NML-KO mice. We found that812 Cell Reports 7, 807–820, May 8, 2014 ª2014 The Authorsthe [14C]oleate oxidation ratio was higher in theNML-KO hepato-
cytes than in the WT hepatocytes (Figure 4D). Measuring the
oxygen consumption rate (OCR) before and after the addition
of palmitate resulted in an increase in the NML-KO hepatocytes
(Figure S4C). These results suggest that hepatic FAO is signifi-
cantly elevated in the NML-KO hepatocytes. Consistent with
these data, the expression of FAO- and mitochondrial-activity-
related genes was significantly higher in the NML-KO hepato-
cytes than in the WT hepatocytes (Figure 4E). In contrast, [14C]
acetate-incorporation into total lipid fraction was significantly
lower in the NML-KO hepatocytes than in the WT hepatocytes
(Figure 4F). This result indicates that de novo lipid synthesis is
lower in the NML-KO hepatocytes than in the WT hepatocytes.
The expression of genes involved in de novo lipid synthesis of
fatty acids was consistently lower in the NML-KO hepatocytes
than in the WT hepatocytes (Figure 4G).
Next, to evaluate the metabolic profile in hepatocytes during
basal respiration, we examined the extracellular acidification
rate (ECAR) and OCR in the WT and NML-KO hepatocytes. No
difference was observed in the ECAR data between the WT
and NML-KO hepatocytes (Figure S4D). In contrast, OCR during
basal respiration was higher in the NML-KO hepatocytes than in
the WT hepatocytes (Figure S4E). To clarify the cause of the
elevated OCR, we examined mitochondrial respiration. As
shown in Figure 4H, themaximal respiratory capacity of themito-
chondria was higher in the NML-KO hepatocytes than in the WT
hepatocytes. However, the mitochondrial DNA copy number did
not differ between the WT and NML-KO hepatocytes (Figure 4I).
These results indicate that NML deficiency results in elevated
mitochondrial respiration. Furthermore, the elevated OCR after
the treatment of rotenone demonstrated the elevated nonmito-
chondrial respiration in the NML-KO hepatocytes (Figure 4H).
These results suggest that NML deficiency increased total
cellular respiration without the elevation of glycolysis.
NML Deficiency Prevents High-Fat-Diet-Induced
Hepatic Steatosis
To examine whether NML affects repression of hepatic rRNA
transcription induced by HFD, we examined pre-rRNA levels in
HFD-fed WT and NML-KO livers. Hepatic pre-rRNA levels
remained higher in the NML-KO mice after HFD feeding than in
the WT mice (Figures 5A and S5A). This result indicates that
NML regulates HFD-dependent repression of rRNA synthesis.
Next, to evaluate the effect of NML deficiency on HFD-induced
fat accumulation, we examined hepatic morphology in these
mice. The livers of the HFD-fedWTmice were significantly larger
and seemed to exhibit a fatty liver phenotype. In contrast, the
livers of the HFD-fed NML-KO mice were not enlarged and
remained red in color (Figure 5B). Oil red O staining clearly
revealed that lipid accumulation was lower in the livers of HFD-
fed NML-KO mice than in those of the HFD-fed WT mice (Fig-
ure 5C). In addition, hepatic triglyceride (TG), total cholesterol,
and total free fatty acid (TFFA) contents were significantly lower
in the livers of the HFD-fed NML-KO mice than in those of the
HFD-fed WT mice (Figures 5D–5F). Furthermore, we confirmed
that the expression of FAO-related genes in the livers was
elevated in the HFD-fed NML-KO mice compared with the
HFD-fed WT mice (Figure 5G). In contrast, expression of de
Figure 4. NML Deficiency in Hepatocytes
Regulates Hepatic Lipid Metabolism
(A) Pre-rRNA levels in primary hepatocytes isolated
from the WT and NML-KO mice by qRT-PCR. Pre-
rRNA levels were normalized to cyclophilin.
(B) The rate of protein synthesis in the primary
hepatocytes isolated from the WT and NML-KO
mice was measured by the amount of [35S]-methi-
onine incorporated into protein.
(C) The enzymatic activity of AMPK in the primary
hepatocytes isolated from the WT and NML-KO
mice using the SAMS peptide assay.
(D) FAO rate in the primary hepatocytes isolated
from the WT and NML-KO mice was measured by
oxidation [14C]-oleate into [14CO2].
(E) The expression levels of FAO- and mitochon-
drial-activity-related genes in the primary hepato-
cytes isolated from the WT and NML-KO mice by
qRT-PCR. Each mRNA level was normalized to
cyclophilin.
(F) De novo fatty acid synthesis rate in the primary
hepatocytes isolated from the WT and NML-KO
mice was measured by the amount of [14C]-acetate
incorporated into fatty acids.
(G) The expression of de novo lipid synthesis of
fatty-acids-related genes in the primary hepato-
cytes isolated from the WT and NML-KO mice by
qRT-PCR. Each mRNA level was normalized to
cyclophilin.
(H) Mitochondrial oxygen consumption in the
primary hepatocytes isolated from the WT and
NML-KO mice using the XF24 analyzer. During the
real-time measurement, respiratory chain inhibitors
(oligomycin, 2,4-DNP, and rotenone) were added to
the culture at the indicated time points. Themaximal
respiratory capacity of the mitochondria indicates
the difference in OCR between 2,4-DNP- and rote-
none-added states.
(I) Mitochondrial DNA contents in the primary
hepatocytes isolated from the WT and NML-KO
mice by quantitative PCR.
All values are presented as mean ± SEM. n = 3–9;
*p < 0.05, **p < 0.01, and ***p < 0.001. See also
Figure S4.novo lipid synthesis of fatty acids-related genes in the livers was
decreased in the HFD-fed NML-KO mice compared with the
HFD-fed WT mice (Figure 5H). These results indicate that NML
deficiency induces resistance to HFD-induced hepatic steatosis
via an increase in FAO and a reduction in lipid synthesis. Further-Cell Reports 7, 807–820, May 8, 2014 ª2014 The Authors 813r
rmore, our findings suggest that elevation
of rRNA synthesis due to NML deficiency
induced resistance to HFD-induced hepat-
ic steatosis.
NML Deficiency Increases Whole-
Body Energy Expenditure and
Prevents High-Fat-Diet-Induced
Obesity
Next, we investigated whether the change
in lipid metabolism caused by NML
deficiency influences whole-body energymetabolism. First, we found that the body weight of the NC- o
HFD-fed NML-KO mice was lower than that of the NC- o
HFD-fed WTmice (Figure 6A). Computed tomography (CT) anal-
ysis revealed that the visceral and subcutaneous fat masses
decreased significantly in the HFD-fed NML-KO mice compared
Figure 5. NML Deficiency Prevents High-Fat-Diet-Induced Hepatic Steatosis
(A) Pre-rRNA levels in the livers of WT and NML-KO mice fed on either NC or HFD1 for 8 weeks by qRT-PCR (n = 5–20). Pre-rRNA levels were normalized to
cyclophilin.
(B) Morphology of liver sections of WT and NML-KO mice fed on either NC or HFD1 for 8 weeks.
(C) Representative of liver steatosis using oil red O staining of liver sections in WT and NML-KO mice fed on either NC or HFD1 for 8 weeks.
(D–F) Hepatic triglyceride (D), total cholesterol (E), and total free fatty acid (TFFA) (F) contents of WT and NML-KO mice fed on either NC or HFD1 for 8 weeks
(n = 6–10).
(G) The expression levels of PGC1a andCPT1 genes inWT andNML-KO livers fed on HFD1 for 8 weeks by qRT-PCR (n = 6–12). EachmRNA level was normalized
to cyclophilin.
(H) The expression levels of SREBP1c, SCD1, and FAS genes in WT and NML-KO livers fed on HFD1 for 8 weeks by qRT-PCR (n = 10). Each mRNA level was
normalized to cyclophilin.
All values are presented as mean ± SEM. *p < 0.05 and **p < 0.01. See also Figure S5.with the HFD-fed WT mice (Figure 6B). Furthermore, the ratio of
white adipose tissue (WAT) weight to body weight was signifi-
cantly lower in the HFD-fed NML-KO mice than in the HFD-fed
WT mice (Figure 6C). The ratio of other tissue weights to body
weight was not different between the WT and NML-KO mice
(Figure S5B). In addition, the serum contents of TG, total choles-814 Cell Reports 7, 807–820, May 8, 2014 ª2014 The Authorsterol, and TFFA tended to be lower in the HFD-fedNML-KOmice
(Figures 6D–6F). Serum glucose content was similar between the
WT and NML-KO mice fed NC or HFD (Figure 6G). Food intake
on NC feeding was higher in the NML-KO mice than in the WT
mice (Figure 6H). However, food intake on HFD feeding did not
change between the WT and NML-KO mice (Figure 6H). These
Figure 6. NML Deficiency Increases Whole-Body Energy Expenditure and Prevents High-Fat-Diet-Induced Obesity
(A) Growth curve of the WT and NML-KO mice fed on either NC or HFD1 for 8 weeks (n = 11–15).
(B) Left: Computed tomography (CT) scanning of theWT and NML-KOmice fed on either NC or HFD1 for 8 weeks. Middle: Visceral fat areas of the WT andNML-
KO mice fed on either NC or HFD1 for 8 weeks. Right: Subcutaneous fat areas of WT and NML-KO mice fed on either NC or HFD1 for 8 weeks (n = 9–14).
(C) The epididymal fat mass of the WT and NML-KO mice fed on either NC or HFD1 for 8 weeks (n = 8–11).
(D–G) Serum TG (D), total cholesterol (E), TFFA (F), and glucose (G) contents of the WT and NML-KO mice fed on either NC or HFD1 for 8 weeks (n = 3–15).
(H) Food intake in the WT and NML-KO mice fed on either NC or HFD1 for 8 weeks (n = 3–5).
(I) O2 consumption in the WT and NML-KO mice fed on either NC or HFD1 for 8 weeks (n = 4–5).
(J) Locomotor activity in the WT and NML-KO mice fed on either NC or HFD1 for 8 weeks (n = 4–5).
(K) Body temperature in the WT and NML-KO mice fed on either NC or HFD1 for 8 weeks (n = 3–6).
All values are presented as mean ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001. See also Figure S5.results show that the NML-KO mice were leaner than the WT
mice and had resistance to HFD-induced obesity.
Energy expenditure in these mice was measured after feeding
NC or HFD. As shown in Figure 6I, on normalizing O2 consump-
tion to body weight, we found that O2 consumption of both the
NC- and HFD-fed NML-KO mice increased significantly
compared with that of both the NC- and HFD-fed WT mice.
Furthermore, analysis of covariance (ANCOVA) (Tscho¨p et al.,
2012) using genotype identified no differences in O2 consump-
tion between the NC-fed NML-KO and WT mice (p = 0.296; Fig-
ure S5C). In contrast, the result of the HFD-fed mice by ANCOVA
was significantly different (p = 0.049; Figure S5D). These results
suggest that a highly significant increase in energy expenditureafter HFD feeding was observed in the NML-KO mice compared
with theWTmice. These differences in O2 consumption were not
attributable to physical activity (Figure 6J) or body temperature
(Figure 6K). Taken together, these findings indicate that NML
deficiency may regulate whole-body energy expenditure after
HFD feeding.
Hepatic NML Deficiency Prevents High-Fat-Diet-
Induced Obesity
Finally, to examine whether the increase in whole-body energy
expenditure observed in the NML-KO mice was specifically
caused by hepatic NML deficiency, we generated liver-specific
NML-null mice (liver-NML-KO mice; Figures S6A and S6B).Cell Reports 7, 807–820, May 8, 2014 ª2014 The Authors 815
Figure 7. Liver-Specific NML Deficiency Prevents High-Fat-Diet-Induced Obesity
(A) Expression levels of NML in liver, BAT, WAT, and SM of the control and liver-NML-KO mice by immunoblotting.
(B) Pre-rRNA levels in the control and liver-NML-KO livers fed on NC by qRT-PCR (n = 7). Pre-rRNA levels were normalized to cyclophilin.
(C) The AMP/ATP ratio in the control and liver-NML-KO livers fed on NC by HPLC (n = 3–4).
(D) Protein levels of phosphorylated AMPK and total AMPK in the control and liver-NML-KO livers fed on NC by immunoblotting.
(E and F) The expression levels of FAO-, mitochondrial-activity-related (E), and de novo lipid synthesis of fatty-acids-related genes (F) in the control and liver-
NML-KO livers by qRT-PCR (n = 3–14). Each mRNA level was normalized to cyclophilin.
(G) Growth curve of the control and liver-NML-KO mice fed on HFD1 for 8 weeks (n = 8–10).
(H) Left: CT scanning of the control and liver-NML-KOmice fed on HFD1 for 8 weeks. Right: Visceral fat areas of the control and liver-NML-KOmice fed on HFD1
for 8 weeks (n = 3–4).
(I) The epididymal fat mass of the control and liver-NML-KO mice fed on HFD1 for 8 weeks (n = 6–7).
(J) O2 consumption in the control and liver-NML-KO mice fed on either NC or HFD1 for 8 weeks (n = 4–5).
(K and L) Hepatic TG (K) and TFFA (L) contents of the control and liver-NML-KO mice fed on HFD1 for 8 weeks (n = 6–8).
All values are presented as mean ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001. See also Figure S6.NML protein expression in liver-NML-KOmice decreased only in
liver tissues but was detectable (Figure 7A). Because the liver-
NML-KO mice are hepatocyte-specific, NML-deficient mice,
their liver tissues are involved with other cells that express the
NML protein. Therefore, we confirmed that primary hepatocytes
purified from the liver-NML-KO mice did not express the NML
protein (Figure S6C). The liver-NML-KO mice were not dead
before birth, were fertile, and grew normally (Figures S6D–
S6F). Hepatic NML deficiency did not affect liver histology or
serum concentrations of ALT, AST, and albumin (Figures S6G
and S6H).816 Cell Reports 7, 807–820, May 8, 2014 ª2014 The AuthorsSubsequently, we confirmed that pre-rRNA transcription
levels were higher in the liver-NML-KO livers than in the
control livers (Figure 7B). Furthermore, hepatic NML defi-
ciency reduced the amount of H3K9me2 associated with
the rRNA gene loci (Figure S6I). In contrast, hepatic NML
deficiency increased the amount of H3Ace associated with
the rRNA gene loci (Figure S6J) and reduced the recruitment
of SIRT1 to the rRNA gene loci (Figure S6K). The AMP/ATP
ratio and AMPK phosphorylation level were higher in the
liver-NML-KO livers than in the control livers (Figures 7C
and 7D).
Next, the expression of FAO-related genes increased and
that of de novo lipid synthesis of fatty-acids-related genes
decreased in the liver-NML-KO livers compared with the control
livers (Figures 7E and 7F). We confirmed that NML did not
directly regulate the expression of these genes using the ChIP
assay (Figure S6L).
Analysis of the metabolic profile revealed that the body weight
of the HFD-fed liver-NML-KO mice decreased compared with
that of the HFD-fed control mice (Figure 7G). CT analysis
revealed that the visceral fat mass was lower in the HFD-fed
liver-NML-KOmice than in the HFD-fed control mice (Figure 7H).
In addition, the WAT weight of the HFD-fed liver-NML-KO mice
was significantly lower than that of the HFD-fed control mice
(Figure 7I). Next, we measured O2 consumption in the HFD-fed
control and liver-NML-KOmice. On normalizing O2 consumption
to body weight, we found that O2 consumption of the HFD-fed
liver-NML-KO mice also increased significantly compared with
that of the HFD-fed control mice (Figure 7J). The result of
ANCOVA indicated a tendency to increase in energy expenditure
of the HFD-fed liver-NML-KO mice compared with that of the
HFD-fed control mice (p = 0.076; Figure S6M). These results sug-
gest that hepatic NML deficiency affected the increase in whole-
body O2 consumption in the HFD-fed mice.
Moreover, both hepatic TG and TFFA content were sig-
nificantly lower in the HFD-fed liver-NML-KO mice than in the
HFD-fed control mice (Figures 7K and 7L). These results indicate
that the resistance to HFD-induced obesity observed in the
NML-KO mice was specifically caused by hepatic NML
deficiency.
DISCUSSION
The nucleolus, which has long been regarded as a factory for
ribosome biogenesis, regulates cellular survival and proliferation
(Montanaro et al., 2008; Dai and Lu, 2008; Rhoads, 1991).
Despite the role of the nucleolus in the regulation of intracellular
energy consumption being clear, the role that links ribosome
biosynthesis and in vivo energy metabolism is poorly under-
stood. In this study, we found that HFD-induced obesity re-
presses pre-rRNA transcription in mouse livers. In the livers of
the HFD-fed mice, NML was recruited to rRNA gene loci with
SIRT1, resulting in heterochromatin formation in the rRNA gene
loci. We inactivated NML inmice to explore the role of repression
of rRNA transcription induced by HFD. We found that pre-rRNA
transcription increased in the NML-KO liver. NML deficiency
induced the activation of FAO activity and repression of lipid
synthesis in the liver. These results suggest that hepatic rRNA
transcription regulates energy consumption, fat accumulation,
and energy storage (Figure S7A). Our previous report showed
that energy starvation induces NML-dependent repression of
rRNA transcription to decrease intracellular ATP consumption
(Murayama et al., 2008). However, in mice, 24 hr starvation did
not decrease hepatic pre-rRNA levels (Figure S7B) because
serum glucose concentration was still maintained around 100–
150 mg/dl (Figure S7C). In this study, we found that excessive
energy supply increased rRNA transcription and ATP consump-
tion in NML-KO livers. As a result, NML-KO mice were resistant
to HFD-induced obesity. In contrast, inWTmice, rRNA transcrip-tion and ATP consumption were not increased by HFD. Thus,
HFD-fed WT mice led to obesity. These results indicate that
NML represses excessive ATP consumption to increase energy
storage under excessive energy condition. Taken together,
these observations suggest that NML is important for adaptation
to environmental change.
In this study, we could not clarify the mechanism underlying
the recruitment of NML to rRNA gene loci after HFD feeding.
Some of lipid metabolites bind and regulate the activity of
targeted proteins (Ichimura et al., 2012; Ferdaoussi et al.,
2012). Our previous study revealed that NML has a ligand-
binding pocket with a narrow entrance (Murayama et al., 2008).
Intracellular lipid metabolites that increase following HFD
feeding may bind the NML pocket and promote NML activation.
In contrast, deacylase activity of the Sirt family is also induced
by fatty acids (Feldman et al., 2013). Therefore, SIRT1 activation
after HFD feeding may mainly induce eNoSC activity. Further-
more, NML is an rRNA-binding protein and decreases in rRNA
levels by nutrient deprivation induce the recruitment of NML
and SIRT1 to rRNA gene loci (Yang et al., 2013). The decrease
in the rRNA levels after HFD feeding may promote NML activa-
tion as a positive feedback signal. The mechanism is currently
under investigation.
NML deficiency promoted not only rRNA transcription and
protein synthesis but also protein degradation, which resulted
in the decrease in intracellular ATP concentration. We confirmed
that the experimental increase in pre-rRNA levels by TIF-IA over-
expression induced the decrease in ATP and AMPK activation
(Figures S7D–S7F). As increased rRNA transcription promotes
protein synthesis, NML deficiency increased rRNA transcription
and protein synthesis, which resulted in elevated ATP consump-
tion. However, themechanism of increase in protein degradation
by NML deficiency remains unknown. A yeast homolog of NML,
Rrp8, is responsible for methylation at position 645 in 25S rRNA
and regulation of the function of 60S ribosomal subunit (Peifer
et al., 2013). We confirmed that mouse NML deficiency reduced
methylation level at the same rRNA site (Figures S7G and S7H).
On the other hand, the dysfunction of 60S ribosomal subunit is
degraded by the ubiquitin-proteasome pathway (Fujii et al.,
2012). Taken together, it is suggested that NML deficiency
reduced methylation level of the rRNA and induced the dysfunc-
tion in 60S ribosomal subunit, which resulted in increased
protein degradation. Because protein degradation is also a
major ATP-consuming process, the increase in protein degrada-
tion by NML deficiency is also suggested to cause the decrease
in intracellular ATP.
AMPK regulates maintenance of ATP levels by switching off
energy-consuming biosynthetic pathways. AMPK activation
represses rRNA transcription in a TIF-IA phosphorylation-depen-
dent manner in cultured cells (Hoppe et al., 2009). In this study,
we found that AMPK activity increased with the increase of the
AMP/ATP ratio in both the NML-KO and liver-NML-KO livers,
although hepatic NML deficiency increased rRNA transcription.
From this report and our result, AMPK activation-dependent
rRNA repression may be involved in NML in addition to TIF-IA
phosphorylation.
Hepatic AMPK activation regulates lipid and glucose meta-
bolism (Horike et al., 2008; Koo et al., 2005; Zhang et al.,Cell Reports 7, 807–820, May 8, 2014 ª2014 The Authors 817
2009). In this study, we found that hepatic FAO was significantly
elevated and hepatic lipid synthesis was suppressed in the liver
of these mice. Furthermore, the ChIP-seq data indicated that
NML indirectly regulates lipid metabolism. These findings
suggest that the change in lipid metabolism in the NML-KO
mice caused the activation of AMPK or other secondary NML
functions. In contrast, the expression of glucose-metabolism-
related genes was unaffected by hepatic NML deficiency.
Furthermore, glucose tolerance and insulin resistance were
unchanged in the NML-KO mice, as indicated by the glucose
tolerance test and insulin tolerance tests (Figures S7I–S7L).
These results show that hepatic NML deficiency does not signif-
icantly affect glucosemetabolism, which is involved in the insulin
response and hepatic gluconeogenesis, although hepatic NML
deficiency induced AMPKactivation. Because hepaticNML defi-
ciency elevated energy consumption, which results in energy
starvation, both AMPK and SIRT1 are activated in the NML-KO
livers. SIRT1 activation reportedly promotes hepatic gluconeo-
genesis (Rodgers et al., 2005), whereas AMPK suppresses
hepatic gluconeogenesis. Thus, the roles of AMPK and SIRT1
signaling in gluconeogenesis regulation appear to be divergent.
Therefore, glucose metabolism in the NML-KO mice may not be
affected.We are continuing to investigate themechanism under-
lying hepatic lipid and glucose metabolism in the NML-KO mice
in detail.
WAT volumes decreased in both the HFD-fed NML-KO
and liver-NML-KO mice compared with those in the HFD-fed
control mice, suggesting that hepatic NML regulates energy
metabolism in adipose tissue. The coordinated control of energy
metabolism requires communication between organs and
tissues. Uno et al. (2006) reported a neuronal pathway that par-
ticipates in the crosstalk between the liver and adipose tissue.
Moreover, fibroblast growth factor 21 (FGF21) increases FAO
in adipose tissue (Kharitonenkov et al., 2005). We found that
hepaticNML deficiency did not increase FGF21 gene expression
in the liver or serum (data not shown). It is possible that hepatic
NML deficiency activates other pathways and regulates lipid
metabolism in adipose tissue.
Identical excess energy intakes resulting from overfeeding
do not evoke the same degree of body weight gain in all people.
In addition, predispositions to obesity significantly differ among
rodent strains (West et al., 1992; Alexander et al., 2006). Tsukita
et al. (2012) recently reported that hepatic glucokinase modu-
lates the predisposition to obesity by regulating brown adipose
tissue (BAT) thermogenesis via neural signals. We also found
that downregulation of hepatic pre-rRNA levels after HFD
feeding was necessary for the energy-storage system in the
liver. Therefore, repression of hepatic rRNA transcription may
contribute to determining the predisposition to obesity. More-
over, this repression induced by HFD may be important for fat
accumulation and energy storage to prepare for starvation.
In summary, we showed that HFD feeding repressed
rRNA transcription in the mouse livers by recruiting NML to
rRNA gene loci. To clarify the relationship between obesity
and rRNA transcription, we generated NML-KOmice. NML-defi-
ciency-mediated activation of rRNA transcription dramatically
increased the AMP/ATP ratio and AMPK activity; thus,
enhancing hepatocellular ATP consumption promoted lipid818 Cell Reports 7, 807–820, May 8, 2014 ª2014 The Authorsoxidation. These results indicate that eNoSC plays a critical
role in the physiological energy balance by limiting hepatic
rRNA transcription. Our results reveal that the nucleolus is a
cellular component that regulates whole-body energy meta-
bolism. Moreover, hepatic NML deficiency prevented HFD-
induced obesity. These results suggest that repression of rRNA
transcription after HFD feeding reduced intracellular energy
consumption, which caused obesity. Obesity leads to type 2
diabetes and metabolic syndrome, accelerates cardiovascular
disease, and increases the risk of cancer. We propose an alter-
native strategy to modify metabolic efficiency and increase
energy expenditure in key metabolic organs such as the liver
and adipose tissue. Our findings may lead to novel avenues of
research in drug development to treat obesity and lipid-meta-
bolism abnormalities.
EXPERIMENTAL PROCEDURES
Mice
Male C57BL/6J mice were purchased from CLEA JAPAN. Male ob/ob mice
were purchased from Oriental BioService.
Generation of NML-KO Mice
We targeted exons 2–5 of the mouse NML gene because its deletion could
destroy the methyltransferase-like domain of NML. A targeting vector was
constructed using a bacterial artificial chromosome clone (RPC123) using
a homologous recombination-based technique. The region was designed
such that the short homology arm extends 1.7 kb to 50 of loxP/flippase recog-
nition target (FRT)-flanked Neo cassette. The long homology arm starts on
the 50 single loxP side and is 7.4 kb long. The exons 2–5 of the gene were
replaced with loxP/FRT-flanked Neo cassette. Embryonic stem cells (derived
from iTL BA1 hybrid [C57BL/6J3 129/SvEv] strain) having undergone homol-
ogous recombination, thus having two loxP/FRT sites, were isolated using
standard procedures. Chimeric mice were mated with wild-type C57BL/6J
mice to generate F1 with two loxP/FRT alleles. The F1 mice were crossed
with Ayu1-Cre mice in C57BL/6J background to obtain offspring with one
loxP/FRT allele (NML-hetero mice). NML-KO mice were obtained by mating
NML-hetero mice. These mice were backcrossed to the C57BL/6J strain for
eleven generations. Correct genotypes were confirmed by PCR amplification
of genomic DNA.
Generation of Liver-NML-KOMice Using Transgenic RescueMethod
As described previously (Imai et al., 2009), we first established floxed NML
mice (Tg(loxP-NML): NML-hetero mice). To generate the mice, we injected
the loxP-NML transgenic gene into fertilized eggs derived from C57BL/6J
parents and mated them with NML-KO mice to generate Tg(loxP-NML):
NML-hetero mice. On the other hand, transgenic male mice (C57BL/6J)
expressing Cre recombinase under the control of themouse albumin promoter
were first mated with NML-KO mice to generate albumin-Cre:NML-hetero
mice. Albumin-Cre:NML-hetero mice were next mated with Tg(loxP-
NML):NML-hetero mice to obtain liver-specific NML-KO mice (albumin-Cre:
Tg(loxP- NML): NML-KO mice).
Animal Studies
Mice were housed under controlled temperature (25C ± 2C) and lighting
(12 hr of light, 0700–1900; 12 hr of dark, 1900–0700) with free access to water
and food. WT and NML-KO mice were fed a normal chow diet (MF; Oriental
Yeast). For HFD studies, 6-week-old male mice were placed on TD.88137
(Harlan Tekland) diet or a D12492 (Research Diets). Computed tomography
scanning (LaTheta LCT-100 [ALOKA]) was performed at 2 mm intervals from
the diaphragm to the bottom of the abdominal cavity. Oxygen consumption
(VO2) mice were measured bymass spectrometry (ARCO-2000; Arco System).
For metabolic cage studies, mice were housed individually in cages (model
3600M021; Techniplast) with free access to food and water. After a 2-day
period of acclimatization, daily food and water consumption and body weights
were recorded.
Primary Mouse Hepatocytes Isolation and Culture
In brief, WT andNML-KOmice were anesthetized with avatin intraperitoneally,
and the portal vein was cannulated under aseptic conditions. The liver was
perfused with HANKS media containing 0.5 mM EGTA and HANKS media
containing 5 mM CaCl2, 0.1% collagenase (Sigma). The isolated mouse
hepatocytes were then cultured at 80%–90% confluence in William E media
(Gibco) containing 10% fetal bovine serum in collagen-type-I-coated plates
(Iwaki).
Antibodies
Rabbit anti-mouse NML antibody was raised against a synthetic peptide
corresponding to 137–171 amino acids of NML. Anti-Suv39h1 (clone 44.1),
anti-H3K9me2, and anti-histone H3 antibodies were purchased from
Abcam; anti-SIRT1 and anti-H3Ace antibodies were from Upstate; anti-total
AMPKa, anti-phospho-Thr172 AMPKa, anti-ACC, and anti-phospho-Ser79
ACC antibodies were from Cell Signaling Technology; and anti-b-actin (C4)
and anti-Pol I (RPA194) antibodies were from Santa Cruz Biotechnology.
Transcriptome Analysis
Tissues were homogenized in 1 ml of Sepazol, and total RNA was extracted
according to the manufacturer’s instructions (Nacalai Tesque). The prepara-
tion of in vitro transcription products and the hybridization and scanning of
the oligonucleotide array were performed according to Affymetrix protocols.
And the subsequent data analysis was conducted with Ingenuity Pathway
Analysis software studies.
Measurement of ATP and AMP Levels
Sample preparation and HPLC analysis was performed by a modified pro-
cedure as described previously (Saha et al., 1997; Wang et al., 2005). In
brief, tissues of WT and NML-KO mice were homogenized and deproteinized
with 0.3M ice-cold perchloric acid. After incubation for 30min, the protein-free
supernatants were separated from the protein precipitates by centrifugation
for 5 min at 13,200 rpm. The protein-free supernatants were then neutralized
to pH 7 by adding 1/10 vol. of ice-cold 3 M potassium bicarbonate, followed
by precipitation and filtrated with a 0.22-mm Ultrafree centrifugal filter
(Millipore). The quantity of ATP was analyzed by using HPLC (Shimadzu) on
125/4 mm Nucleosil 4000-7 PEI anion-exchange column (5 mm particle size,
25 cm 3 4.6 mm; Supelco). The mobile phase consisted of eluant A (0.1 M
KH2PO4 buffer containing 6 mM tetrabutylammonium phosphate [pH 5.5])
and eluant B (acetonitrile). Each elution was performed as follows: isocratic
phase at 7% solution B for 4 min, then up to 30% B for 1 min, and then
back to initial conditions after 4 min. Initial conditions are restored in 20 min.
The flow rate is 1 ml/min, and the absorbance is monitored at 260 nm. Each
elution peak was compared with AMP and ATP standards (Sigma) to confirm
its identity.
Statistical Analysis
Results are expressed as mean ± SEM. Differences between two groups were
assessed using unpaired one-tailed t tests on fold changes. SEM was calcu-
lated from normalized data and shown in figures.ACCESSION NUMBERS
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